Transmission electron microscopy (TEM) in situ straining experiments were carried out on duplex ferritic-austenitic steel. Localization of strain as a common feature during slip transfer from the austenite to the ferrite has been noticed. The character of strain localization depends on the orientation relationship between the phases. A possible influence of the TEM specimen geometry on the mechanism of plastic deformation of the ferritic-austenitic steel was considered by comparing the results with those of in situ straining experiments have been performed in a 1 MV high-voltage TEM instrument.
Introduction
Grain boundaries play a key role in the plastic deformation of polycrystalline materials. They restrict plastic deformation at room temperature, which leads to a build-up of internal stresses [1] [2] [3] . The ferritic-austenitic duplex steel possesses a specific microstructure, where the face centered cubic austenite (␥) and the body-centered cubic ferrite (␣) may create internal stresses during deformation due to their elastic and plastic incompatibilities.
According to the Kurdiumov-Sachs and NishijamaWassermann orientation relationships there are easy slip planes in the two phases which coincide, e.g. {1 1 1} ␥ {1 1 0} ␣ . In the case of the Kurdiumov-Sachs relationship, one of the six easy slip directions in the austenite is parallel to the easy slip direction in the ferrite, i.e. 1 1 0 ␥ 1 1 1 ␣ , while in the case of the Nishijama-Wassermann orientation relationship, they are slightly deviated (by 5.26 • ). Despite the special orientation relationships, also random orientation relationships are present in most duplex steels. It has been shown that the populations of the orientation relationships differ due to the thermal and mechanical treatment and this influences mechanical properties. A large frequency of the special orientation relationships decreases flow stresses by about 15% [4] .
It has also been reported [5] that at intermediate temperatures in the range 300-400 • C, an increase in the flow stress and a significant embrittlement has been noticed. This was attributed to the structure of the ferrite where Cr-rich and Fe-rich domains appear, often accompanied by the precipitation of a (Ni, Si and Mo)-rich G-phase.
A fruitful technique for studying the role of grain boundaries in the plastic deformation is in situ electron microscopy deformation. For example, an evidence of the dislocation generation from the grain boundary as a result of the slip transfer in stainless steel was reported [6] .
Experimental details
A ferritic-austenitic bicrystal and ferritic-austenitic duplex steel were investigated in this work. The ␣/␥ bicrystal has been produced by bonding monocrystals along (3 1 2) ␣ (1 81) ␥ planes. However, due to migration of the boundary, the real orientation was found to be (3 1 2) ␣ (0 41) ␥ . The orientation relationship between the phases is close to the Kurdiumov-Sachs orientation relationship with a deviation of 6 ± 0.5 • . For this orientation relationship, there are two easy slip planes in both phases, (1 11) ␥ and (1 1 0) ␣ , which are nearly parallel to each other and are inclined by ≈45 • to the bicrystal axis. A detailed description of the manufacture of the bicrystal is published in [7] .
The duplex steel has been produced by annealing the alloy at 1260 • C for 30 min in vacuum, followed by oil quenching, which produced a ferritic structure with coarse grains of 1 mm mean size. Additional annealing at 960 • C for 1 h followed by oil quenching produced the duplex steel containing austenite grains of 7 m length and 1 m width embedded in the ferrite.
The in situ deformation experiments were performed by conventional and high-voltage transmission electron microscopy (CTEM, HVTEM). The CTEM experiments were performed on standard specimens of 3 mm diameter of biand polycrystals, using a standard straining stage at an accelerating voltage of 100 kV. The specimens were prepared by double-jet polishing the initial discs of 0.1 mm thickness. The discs had been cut with a wire saw from a rod prepared by electric discharge machining. The HVTEM experiments were performed at an accelerating voltage of 1 MV, using a quantitative double-tilting straining stage for room temperature [8] . Microtensile specimens of polycrystalline duplex steel were prepared from platelets 8 mm × 2 mm × 0.1 mm in size by two-step electrolytic double-jet polishing between platinum masks. In both cases, the electrolyte used for electropolishing consisted of 95% acetic acid and 5% perchloric acid.
Results and discussion
The CTEM in situ straining experiment performed on the ferritic-austenitic bicrystal with 6.2 • misorientation from the Kurdiumov-Sachs orientation relationship revealed a dislocation activity in the austenite at the very beginning of the plastic deformation as presented in Fig. 1 . At the first stage of deformation at ε 1 , shown in Fig. 1a , a large number of stacking faults appeared in the austenite indicating the activity of partial dislocations. Fig. 1b presents the dislocation structure produced in the second stage of deformation at eps ε 1 + ε 2 . Here, slip is distributed rather uniformly in both phases. One may expect that dislocation sources were activated in the ferrite at the grain boundary due to the local stress concentration caused by dislocation pile-ups in the austenite. However, it may be stressed that the plastic deformation of the bicrystal is characterized by a uniform distribution of strains in the austenite as well as in the ferrite. Fig. 2 presents the microstructure of the investigated duplex steel with grains of austenite embedded in the ferritic matrix. A characteristic feature of the austenite grains is their geometric shape with ledges at the phase boundaries. Stresses may concentrate at these ledges enhancing the dislocation activity. Fig. 3 shows images of the microstructure of the austenite and ferrite with a ledge at the boundary in the early stage of deformation. There is a misorientation of 2 • from the crystallographic Kurdiumov-Sachs relation between the austenite and ferrite. Fig. 3a presents the dislocation structure in the austenite grain obtained by tilting the specimen in the goniometer by 17 • to yield a good diffraction contrast at g = (0 0 2). The microstructure with a number of stacking faults indicates the activity of partial dislocations. Fig. 3b shows an image of a region in the ferrite near the ledge, where dislocation activity was expected during the in situ straining. The specimen was tilted by 6 • to obtain a good diffraction contrast in the ferrite with g = (0 1 1) . Using the g · b = 0 criterion for contrast extinction, the dislocations in the ferrite were identified to have screw character with Burgers vectors of a/2 1 1 1 . The bowed-out dislocations in the ferrite indicate that their source is at the ledge. The shape of the stacking faults in the austenite points at slip transfer from the austenite to the ferrite. The slip traces of the dislocations in the ferrite do not follow the direction of the dislocation pile-up in the austenite indicating the incompatibility of the slip systems in the two phases. The weavy slip traces, the moving dislocations trails at the surfaces of the thin TEM foils, point at the easiness of cross-slip. The dislocations in the ferrite spread over large areas creating a uniform distribution of strain.
Additional information on the duplex steel was obtained from the HVTEM in situ straining experiments. Video recordings show the operation of a single-ended fixed dislocation source in the austenite. The emission of a great number of dislocations leads to a highly localized strain. As described above, in the case of special orientation relationship between the austenite and ferrite, where easy-slip systems have the same orientation in both phases, the strain becomes localized. The specific percolating structure of the duplex steel with small austenite grains included in very large grains of ferrite may be a reason for the reduced plasticity when special orientation relationships are dominant.
The HVTEM in situ experiments show also the slip transfer from the austenite to the ferrite for boundaries with random orientation relationships. An increasing number of dislocations piles up in the austenite, while other dislocations are emitted from the boundary into the ferrite. Afterwards, they slip and cross-slip over large areas of the grain. Many dislocations in the ferrite move in a jerky manner. The cross-slip processes lead to the creation of dislocation loops and debris as well as to a dislocation multiplication resulting in work hardening. The results obtained from the HVTEM in situ straining experiments indicate two factors responsible for the higher flow stress of duplex steel with dominating random orientation relationships between the austenite and the ferrite. Firstly, the flow stress is higher due to the higher stress required for transferring slip between incompatible slip systems. Secondly, the expanding dislocation loops, produced by the cross-slip of gliding dislocations in the ferrite, lead to relatively homogeneous deformation and work hardening. Thus, a higher stress is required to transfer the dislocations from pile-ups in the austenite to the ferrite.
Conclusions
The TEM in situ observations yielded details about the evolution of the dislocation structure and the slip transfer mechanism through the boundaries in the ferritic-austenitic duplex steel. In the case of special orientation relationships, the slip traces in the ferrite, produced by the dislocations emitted from the boundary, indicate the compatibility of the easy slip systems in the two phases which favors a strong localization of strain. In the case of random orientation relationships, the incompatibility of the easy-slip systems in the austenite and ferrite results in the cross-slip of dislocations emitted from the boundary into the ferrite grains leading to multiplication and the formation of dislocation loops and debris. The high flow stress of duplex steel can be attributed to the particular slip transfer mechanism related to the random orientation relationships between the austenite and ferrite.
